Neurodegeneration is one of the biggest public health problems in modern society. Age-associated neurodegeneration, which is accelerated several-fold in Alzheimer\'s disease (AD) alone, is not only an enormous social and economic burden to the affected individuals and their families, but is also a great scientific challenge. Currently 25--35 million people worldwide suffer from AD, the single largest cause of dementia in middle- to old-aged individuals. These numbers are projected to triple by 2050 if no treatment to prevent or reverse AD is developed.

The two histopathological hallmarks of AD and adults with Down syndrome, who develop AD histopathology in the fourth decade of their lives, are the intraneuronal neurofibrillary tangles and the extracellular Aβ plaques. The tangles in AD as well as in related neurodegenerative diseases called tauopathies are made up of microtubule associated protein tau modified by its abnormal hyperphosphorylation (Grundke-Iqbal et al., 1986a, b). The major components of plaques are 39--43 amino acid fragments, mostly Aβ~1--40~ and Aβ~1--42~ of β-amyloid precursor protein (Glenner and Wong, 1984). Ever since the discoveries of the composition of Aβ plaques and neurofibrillary tangles and implication of those lesions in neurodegeneration, most of the research in the AD field has been focused on inhibition of neurodegeneration by prevention or clearance of these lesions. However, to date, these efforts have not resulted in development of any disease-modifying drug (Iqbal and Grundke-Iqbal, 2010).

Loss of neuronal plasticity and unsuccessful neurogenesis {#sec2-1}
=========================================================

Both in AD and in its animal models the loss of neuronal plasticity is known to precede any overt formation of Aβ plaques and hyperphosphorylated (p) tau neurofibrillary tangles ([**Figure 1**](#F1){ref-type="fig"}). Furthermore, the AD brain, in which the hippocampus is the most affected area of the brain and an area of the human brain where neurogenesis is known to occur throughout life, responds to neurodegeneration by stimulating neurogenesis ([**Figure 2**](#F2){ref-type="fig"}). However, because of the lack of a proper neurotrophic microenvironment of the hippocampus this effort of the AD brain to replace lost neurons with new is unsuccessful (Li et al., 2008). Thus, one potential rational therapeutic approach to AD and other neurodegenerative conditions is to provide a neurotrophic environment in the brain that can materialize into successful neurogenesis and rescue neuronal plasticity deficit.

![Major features of Alzheimer\'s disease pathology.\
Alzheimer\'s disease is characterized by neurodegeneration associated with loss of neuronal plasticity and in the dentate gyrus, proliferation of newborn cells which do not mature into functional neurons. These neurodegenerative changes precede the occurrence of overt phosphotau neurofibrillary tangles and Aβ plaques.](NRR-9-1518-g001){#F1}

![Unsuccessful neurogenesis in Alzheimer\'s disease.\
Alzheimer\'s disease responds to neurodegeneration by initiating neurogenesis in the dentate gyrus which, however, due to a lack of the proper neurotrophic support, is not sustained and the newborn neurons do not mature into functional cells.](NRR-9-1518-g002){#F2}

Pharmacologic rescue of neurogenesis and neuronal plasticity deficits and cognitive impairment {#sec2-2}
==============================================================================================

Taking advantage of the findings that the hippocampal level of the mitogenic factor fibroblast growth factor-2 (FGF-2) is elevated in AD and the ciliary neurotrophic factor (CNTF) can counteract this effect (Chen et al., 2007), we developed a CNTF peptidergic compound, P6 (Chohan et al., 2011). Employing P6 and its more druggable form, P021, a tetrapeptide (DGGL) to which adamantylated glycine was added at the C-terminus, we studied dentate gyrus neurogenesis, neuronal plasticity and cognitive performance in aged Fisher rats and in a transgenic mouse model of both familial AD and familial frontotemporal dementia, the 3xTg-AD mouse model. The aged rat study was reported by Bolognin et al. (2014) and the 3xTg-AD studies by Blanchard et al. (2010) and Kazim et al. (2014).

The Fisher rats are known to become cognitively impaired in old age. We administered P021 by gavage, 500 nmol (289.15 μg)/kg body weight daily for 3 months to 19--21 month old female Fisher rats. Another group of age-matched female rats was treated identically but with vehicle (saline) only and used as a vehicle-treated control. A group of 2--3 month old female rats treated with vehicle only served as young age controls. During the last week (12^th^ week) of treatment all three groups of animals were tested for spatial reference memory by Morris Water Maze Task, following which the animals were sacrificed and their brains used for immunohistochemical and biochemical studies.

We found that the aged rats were impaired in spatial memory as compared with young adult animals and P021 treatment could rescue this impairment. Immunohistochemical and biochemical analyses showed (i) a marked deficit in dentate gyrus neurogenesis in the aged rats which was partly rescued in P021-treated animals; (ii) P021 treatment increased both mRNA and protein expressions of BDNF in the hippocampi of aged rats; (iii) the aged rats displayed a decrease in phosphorylation of CREB which was rescued by P021 treatment; and (iv) P021 treatment increased the levels of synaptic markers, synaptophysin, synapsin-1 and glutamate receptors 2--3, and dendritic marker MAP2 in the aged rats.

Magnetic resonance spectroscopy of the animals before perfusion showed an increase in the production of myoinositol which was rescued in the P021-treated animals. Thus, these studies collectively suggest that pharmacologic enhancement of neurogenesis and neuronal plasticity with a neurotrophic compound is a potential therapeutic approach to cognitive aging and AD.

Beneficial effect of pharmacologic neuroregeneration on AD pathology in a transgenic mouse model {#sec2-3}
================================================================================================

In order to determine whether enhancement of regeneration of the brain can be potentially therapeutic both prior to and during the occurrence of AD histopathology, we employed the transgenic 3xTg-AD mouse model. This mouse model expresses human APP^SWE^ and Presenilin-1 M146V knock-in AD and tau P301L frontotemporal dementia mutations, thus a model of both familial AD and familial frontotemporal dementia. These animals show cognitive impairment as early as at \~3 months of age, plaques at about 9--10 months of age and neurofibrillary tangles at around 12 months (Oddo et al., 2003).

In one study (Blanchard et al., 2010), we administered intraperitoneally P6, 50 nmoles/mouse/day, for six weeks to 6--7 month old female 3xTg-AD mice and genetic background-matched wild-type mice. Mice treated identically to the above except with vehicle (saline) only provided additional controls.

In a test for short term memory, the object recognition task, 3xTg-AD mice displayed impairment to discriminate between a familiar and a new object, accounting for short term memory deficit. Treatment with P6 reversed this impairment. Similarly in a spatial reference memory task employing water maze, 3xTg-AD mice presented delayed performance for learning compared to WT controls, but treatment with P6 reversed this impairment. Treatment with P6 did not induce any side effects as determined by body weight, anxiety, locomotive activity and coordination, and neophobia.

The 3xTg-AD mice revealed a marked deficit in the dentate gyrus neurogenesis which was rescued by P6 treatment. The P6 treatment also rescued deficits in markers of neuronal plasticity, *i.e.*, MAP2 and synaptophysin in 3xTg-AD mice.

In a subsequent study (Kazim et al., 2014. Neurobiol. Dis. In press.) we investigated the effect of 6--12 months treatment with P021 on 9--10-month-old female 3xTg-AD mice. In this study we administered P021, 60 nmol/g diet up to 12 months. Control animals received the same diet but lacking P021. As in the above study with P6, the study with P021 also showed rescue of dentate gyrus neurogenesis and neuronal plasticity deficits and of cognitive impairment in 3xTg-AD mice. Moreover, the P021 treatment markedly reduced tau pathology and attenuated the generation but not the clearance of Aβ in 3xTg-AD mice.

Similar to the above described studies, we have also reported rescue of cognitive impairment and neuroplasticity and neurogenesis deficits in an experimental rat model of sporadic AD (Bolognin et al., 2012) and in a trisomic Ts65Dn mouse model of Down syndrome (Blanchard et al., 2011). Collectively all these studies have established the proof of principle that shifting balance from neurodegeneration to regeneration of the brain with neurotrophic compounds can rescue Alzheimer type cognitive impairment and several features of the underlying pathology ([**Figure 3**](#F3){ref-type="fig"}).

![Two major therapeutic approaches to Alzheimer\'s disease and related conditions.\
While one therapeutic approach to Alzheimer\'s disease is the inhibition of neurodegeneration that is associated with neurofibrillary and Aβ pathologies, another approach is to stimulate the regeneration of the brain by enhancing neuronal plasticity and neurogenesis that culminates into formation of mature functional neurons.](NRR-9-1518-g003){#F3}
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